SUMMARY-Novikoff rat hepatoma cells (subline N1S1-67) growing in suspension culture were incubated with various concentrations of vinblastine sulfate and analyzed for "cell viability" by vital staining with trypon blue and trypsin sensitivity, for mitotic index, and the capacity to incorporate 3H-uridine into the nucleotide pool and RNA. Treatment with 0.001-0.1 mM vinblastine sulFate caused metaphase arrest without affecting cell viability For at least 8 hours and without signiAcantly inhibiting RNA synthesis For several hours. At higher concentrations (0.2-0.6 mM), vinblastine sulFate caused a concentration-dependent inhibition of the incorporation of 3H_ uridine into the acid-soluble nucleotide pool and into RNA, and also inhibited the conversion of ribosomal precursor RNA into ribosomal RNA. These inhibitions were probably related to a direct cytotoxic effect, since at these concentrations the drug also caused a dissolution of the nuclei, precipitation of intracellular material, and subsequent cell death; metaphase arrest was not observed.-J Nat Cancer Inst 45: 589-595,1970.
THE VINCA ALKALOIDS, vinblastine and vincristine, have been used in the chemical management of certain neoplastic diseases (1) , but the mechanism of their action is unknown. These alkaloids cause metaphase arrest of various types of cells (2) (3) (4) (5) , probably by disrupting the mitotic spindle (6) . They cause the precipitation of cytoplasmic microtubules (7, 8) and purified microtubular protein (9, 10) and the aggregation of ribosomes in Escherichia coli (11) . They also inhibit specifically the synthesis of transfer RNA (tRNA) in Ehrlich ascites cells (12) or of ribosomal RNA (rRNA) in cultured human cells (13) . The present stUdy was designed to determine whether the inhibition of RNA synthesis by vinblastine is due simply to metaphase arrest or to additional effects of the drug. The results show that, at concentrations causing metaphase arrest of Novikoff hepatoma cells growing in suspension culture (0.001-0.1 IDM), vinblastine sulfate does not significantly affect RNA synthesis for at least several hours. At higher concentrations (0.2-0.6 mM) it not only inhibits the incorporation of 3H-uridine into the acid-soluble nucleotide pool and into RNA and 397-4Sa--70----27 the processing of rRNA, but also causes rapid nuclear damage and cell death.
MATERIALS AND METHODS
Gell culture.-Novikoff rat hepatoma cells (subline NISI-67) were grown in Swim's medium 67 in suspension culture as described in (14, 15) . Procedures for the enumeration and size-distribution analysis of the cells with a Coulter counter and for vital staining with trypan blue have been described (15) . Suspensions of cells were incubated on a gyrotory shaker at 37°C (15) . The normal population doubling time was about 13 hours (see text- fig. 3A) .
Histological procedure.-Samples of 5 ml suspension were centrifuged at 500 X g for 2 minutes. The cells were washed in balanced salt solution and then fixed in a mixture of 3 parts ethanol and 1 part glacial acetic acid for 25 minutes at room temperature. They were collected by centrifugation and suspended in 0.5 ml fixative; a drop of the suspension was spread over a microscope slide. The slide was air dried, stained with lacto-acetic acid-orcein or Giemsa, and then examined by phase-contrast microscopy as described by Brand et al. (16) .
Incorporation oj 3H-uridine.-At various times after addition of 3H-5-uridine (Schwarz BioResearch, Orangeburg, N.Y.), samples of cell suspension were analyzed for total radioactivity associated with the cells (acid-soluble plus acid-insoluble material) or for radioactivity in acid-insoluble material as described in (15, 17) . Acid-soluble nucleotides were extracted from samples of cells with perchloric acid and separated by paper chromatography (18) , or RNA was isolated by treatment of cells with sodium dodecyl sulfate (19) and analyzed by centrifugation through sucrosedensity gradients (19) as described previously.
RESULTS
Vinblastine sulfate, at 0.1 mM, had little, if any, significant effect on the incorporation of uridine into total cell material and acid-insoluble material during a 3-hour period of investigation (text- fig. 1 ). Treatment of cells with lower concentrations of vinblastine (0.01 and 0.001 mM) had equally little effect (not shown). A slight but progressively increasing reduction in the incorporation of uridine into acid-insoluble material could be expected with these concentrations, due to the arrest of cells in metaphase (see below). On the other hand, higher concentrations of vinblastine markedly inhibited the incorporation of uridine into acid-insoluble material (text- fig. lB ), but this effect correlated with a similar degree of inhibition of uridine incorporation into total cell material (text- fig. lA ). Thus the drug inhibited the incorporation of uridine into the acid-soluble pool. This conclusion is supported by the results in table 1. Chromatographic analyses of acid extracts from the labeled cells showed that about 60% of the total label in acid-soluble material of untreated cells was in uridine triphosphate (UTP), about 20% in uridine diphosphate (UDP) sugars, and only small amounts in UDP and uridine monophosphate (UMP) [see (18) ]. The presence during labeling of 0.2 and 0.3 mM vinblastine markedly reduced the amount of label recovered in uridine nucleotides and increased the proportion of label recovered in UMP, whereas 0.1 mM had little effect. An inhibition of uridine incorporation into the acid-soluble pool by 0.2-0.3 IllM vinblastine has also been observed with mouse carcinoma cells (20) .
The profiles of the sucrose-density gradients in text-figure 2 show that the various concentrations of vinblastine inhibited the labeling of 29S and 18S rRNAs to a greater extent than that of 4S tRNA, as was reported for human cells in culture (13) . In addition, our data show that the labeling of the 29S and l8S RNAs was also more affected by vinblastine than that of the 38S ribosomal precursor RNA (21) and therefore suggest that vinblastine inhibited the conversion of the precursor RNA to rRNA. The effect of vinblastine on RNA synthesis, however, was difficult to quantitate because the drug interfered with the uptake of uridine into the nucleotide pool (text- fig. lA) . Nevertheless, the data in text-figure I indicate that the effects on uridine uptake or RNA synthesis were not immediate, and the following results suggest that they were part of a direct general toxic effect of vinblastine on the cells.
The growth curves in text- figure 3A show that vinblastine sulfate rapidly and completely inhibited cell replication, even at 0.001 mM. These results are similar to those reported for suspension cultures of • Details of the experiment are described in legend to text-figure 1. Cells were pretreated with the indicated concentrations of vinblastine for 60 minutes and then incubated with 3H·uridine fOr 120 minutes; cpm = counts per minute.
t Radioactivity recovered in the individual nucleotides after chromatography ot 50 1'1 of acid extract.
t Percent of total radioactivity in nucleotides. § Total radioactivity in nucleotides. mouse L cells (4) . In the cultures containing 0.2 mM or less vinblastine, the cell concentration remained constant throughout the 8-hour incubation period. This finding indicates that the cells remained "viable," since the cells were treated with trypsin before being counted, and trypsin degrades "nonviable" cells, i.e., those stainable bytrypan blue (15) . For the same reasons, the decreases in cell VOL. 45, NO. 3, SEPTEMBER 1970 concentration in cultures that received higher concentrations of vinblastine indicate cell death. These results were confirmed by vital staining with trypan blue. Further, size-distribution measurements (text- fig. 3B ) indicate that the cells treated with 0.2-0.6 mM vinblastine were smaller than the exponentially growing untreated cells, whereas the cells treated with 0.001 or 0.1 mM vinblastine were, on the aver- Details of the experiment are described 1n legend to text-figure 1. Cells were pretreated with the indicated concentrations of vinblastine sulfate for 60 minutes and then labeled with 3H-uridine for 120 minutes. Samples of 8 X 10 6 cells were collected by centrifugatlon and incubated with frequent mixing in 2 ml of a solution composed of 10 IIlM Tris-HCI (pH 7.4) and 1 % (w/v) sodium dodecyl sulfate at 37°C for 10 minutes. Each rruxture was centrifuged through a 0.15-0.9 M sucrose gradient containing 0.5% sodium dodecyl sulfate (19) in an SW·27 rotor at 20,000 rpm (Beckman Model L-2 ultracentrifuge) at 20°C for 15.5 hours. Samples of I ml were collected from the gradients with an ISCO gradient fractionator (19) and analyzed for radioactivity in aCld-insoluble material.
age, larger than the control cells. The latter were larger because RNA synthesis continued normally in these cells (text- fig. IB ), while cell division stopped, due to metaphase arrest (text- fig. 3A ). Microscopic examination of Giemsa-or orcein-stained spreads showed that, after 6 hours of treatment with 0.001, 0.01, or 0.1 mM vinblastine, 40-50% of the cells were in mitosis, whereas the mitotic index of untreated exponentially growing cultures was between 2 and 4% (see fig. lA and B) . It is not clear why the cells treated with higher concentrations of vinblastine were the smaller, the higher the concentration of vinblastine in the medium (text- fig .  3B ), but other cytopathogenic changes were apparent in the cells before they became stainable by trypan blue. Phase-contrast microscopy of wet mounts showed that most cells in suspensions treated with 0.2 mM or higher concentrations of vinblastine were single, whereas untreated cells grew in clumps ( fig. lA) , that the nuclei of many cells apparently had disintegrated, and that the cells were granular. Orceinor Giemsa-stained smears revealed clumps of partly ( fig. lC) or completely destroyed cells (fig. lD) and granules or aggregates of material that stained strongly with orcein or Giemsa, while distinct mitotic figures were not observed. Quantitation of the cytopathogenic effect was difficult, but the microscopic studies clearly showed that the precipitation of intracellular material and the dissolution of r;mclei occurred the earlier, the higher the concentration of vinblastine and several hours before the cells became stainable by trypan blue. These effects became apparent as early as 0.5 hour after addition of 0.4 mM vinblastine. Initially, the granules were very small, but they grew with time.
It was also observed that cells treated with vinblastine were difficult to disrupt in a Dounce homogenizer. Whereas over 95% of untreated cells were disrupted by 5-10% strokes in a solution composed of 10 mM Tris-HCI (PH 7.4), 10 mM NaCl, and 1.5 mM MgC1 2 (22), only a few cells treated with 0.4 mM for 5 hours, about 50% of those treated with 0.3 mM, and about 85% of those treated with 0.2 mM were disrupted.
DISCUSSION
The overall results indicate that treatment with 0.001-0.1 mM vinblastine arrests cells in metaphase, but that at higher concentrations the drug has a direct cytotoxic effect on the cells. This effect is characterized by precipitation of intracellular material, dissolution of the nuclei, and subsequent cell death. Vinblastine also has a cytotoxic effect in whole animals (23) (25) .
It seems likely that the inhibition of uridine incorporation and of rRNA processing by high concentrations of vinblastine is related to its direct cytotoxic effect and not to its action as mitotic poison. The basic mechanism underlying these various effects, however, might be the same and related to a precipitation or crystallization of spindle fibers (6), microtubular protein (7) (8) (9) (10) , or other proteins (J 1). The preferential inhibition of the incorporation of labeled uridine into 29S and 18S rRNA observed with human cells in culture (13) and NISI-67 cells (text- fig. 2 ) appears to be due mainly to an inhibition of the processing of the VOL. 45, NO.3, SEPTEMBER 1970 38S ribosomal precursor RNA rather than to an inhibition of its synthesis. A selective inhibition of the processing of ribosomal RNA has also been observed after treatment of cells with puromycin (26) , cordycepin (27) , and phenethyl alcohol (21). 
